Introduction
Decades of soft matter research have yielded a plethora of building blocks, such as block copolymers (BCPs), [1] [2] [3] [4] colloids, [5] surfactants, [6] and molecules, [7] [8] [9] which can self-assemble into a range of periodic nanostructures, such as lamellae, cylinders, or more complex geometries. Yet, the generation of defect-free thin-film nanostructure arrays remains a grand challenge due to the tendency of DOI: 10.1002/smll.201701043
While self-assembled molecular building blocks could lead to many next-generation functional organic nanomaterials, control over the thin-film morphologies to yield monolithic sub-5 nm patterns with 3D orientational control at macroscopic length scales remains a grand challenge. A series of photoresponsive hybrid oligo(dimethylsiloxane) liquid crystals that form periodic cylindrical nanostructures with periodicities between 3.8 and 5.1 nm is studied. The liquid crystals can be aligned in-plane by exposure to actinic linearly polarized light and out-of-plane by exposure to actinic unpolarized light. The photoalignment is most efficient when performed just under the clearing point of the liquid crystal, at which the cylindrical nanostructures are reoriented within minutes. These results allow the generation of highly ordered sub-5 nm patterns in thin films at macroscopic length scales, with control over the orientation in a noncontact fashion.
these building blocks to self-assemble into arbitrarily oriented poly-domain structures. [7] Nevertheless, achieving a thin-film monolithic alignment of these materials, across the molecule to device length scales, [10, 11] could help to realize compelling advanced applications in areas such porous membranes, [12] [13] [14] organic electronics, [15] and nanolithography. [16] [17] [18] While traditional BCPs have been the main driving force behind self-assembled thin-film applications, [1] [2] [3] [4] sub-5 nm www.small-journal.com periodicities are more readily formed by small molecules. [19, 20] In bulk, these self-assembled small molecules have been aligned by, for example, shear, [21, 22] alignment layers, [23, 24] photoalignment, [25] [26] [27] [28] [29] [30] [31] magnetic fields, [14, 32] and geometric confinement. [33] [34] [35] The induction of long-range order and orientational control in thin films is, however, a critical step toward the application of these small molecule nanomaterials as supramolecular templates. [7] In the sub-micrometer regime, photoalignment is a potentially well-suited method as it is noncontact, free of complex surface modification, and compatible with top-down microfabrication techniques.
Seki and Ikeda and their respective coworkers revealed that thin-film BCP morphologies consisting of amorphous phase segregated cylinders in an azobenzene (Az) liquid crystal (LC) matrix can be aligned with linearly polarized light (LPL). [36] [37] [38] [39] [40] [41] [42] The rod-like trans Azs are isomerized most effectively when their transition moments are oriented parallel to the electric vector (E) of light. In the case of normally incident LPL, this leads to a statistical buildup of Az moieties oriented orthogonal to E, [27, [43] [44] [45] [46] and the concurrent in-plane alignment of BCP nanostructures. [36] [37] [38] [39] [40] It was shown that the in-plane alignment of cylinders proceeds through subdomain rotation in a cooperative and synchronized manner.
[47] In the case of normally incident unpolarized light, the Azs orient parallel to the light propagation direction minimizing their light absorption, [48] which allows the on-demand switching between in-plane and out-of-plane directions.
Recently, we reported a series of monodispersed organicinorganic Az LCs containing oligo(dimethylsiloxane) (ODMS) for etch contrast that form sub-5 nm patterns, [49] and showed that their self-assembly can be directed in-plane by graphoepitaxy in a manner analogous to BCPs. Here, we demonstrate by a variety of techniques that the LC selfassembly can be directed both in-plane and out-of-plane with light, and that the mobility of the LC phase is key to achieving a rapid alignment. While it should be noted that photoalignment is a well-established method to align liquid crystals, both in terms of photoalignment layers [26, 31, 50] and the alignment of predominantly low-ordered nematic liquid crystals, [25, 27, 51] the 3D orientational control by light of ordered sub-5 nm periodicities in thin films has not been reported.
Results and Discussion
The molecular structure of the employed ODMS liquid crystals [49] is depicted in Scheme 1. The LCs consist of a photoresponsive trans-azobenzene containing rigid core flanked by flexible ODMS coils. Due to the bulkiness of the ODMS coils, the molecules form columnar liquid crystalline phases in which the LC cylinder is considered to be consisted of a stacked arrangement of rigid rods, while the matrix consists of ODMS. The phase behavior and associated lattice parameters are dependent on the length of the ODMS coil and temperature ( Table 1) . Dilute solutions of the Az liquid crystals with variant ODMS lengths displayed indistinguishable UV-vis absorption spectra ( Figure S1 , Supporting Information) with the characteristic π-π* transition absorption band of the trans isomers with a peak at 330 nm and a weaker n-π* transition absorption band with a maximum at 439 nm. The LCs isomerized from trans to cis upon irradiation with 365 nm UV light, resulting in a decreased absorbance at 330 nm, and an increase of the weaker n-π* band at 439 nm indicating the formation of the cis isomer ( Figure S2 , Supporting Information). Subsequent irradiation with 455 nm light, at the low energy side of the n-π* band, recovered the absorption spectra to the initial state consisting of predominantly trans isomers. The photoresponsive properties the Az liquid crystals were first studied in thin untreated quartz cells (thickness ≈ 1.5 µm). Figure 1 shows a schematic representation of the cylinder morphology, a polarized optical microscopy (POM) image, and polarized UV-vis spectroscopy data of LC-22Si in the cell. The observed birefringent texture under POM indicates that the optical axes of the domains (and also the columnar axes) are oriented randomly. Compared to its corresponding absorption in solution ( Figure S3 , Supporting Information), the π-π* transition absorption peak exhibited some broadening, indicative of aggregated Az moieties in the LC state. However, no shift was observed, suggesting restricted Az aggregation in the LC state, [29] potentially as an effect of the bulky ODMS matrix. Polarized UV-vis absorption spectroscopy of the absorption at 330 nm further shows equal absorbance of Az trans isomers across all polarization angles, signifying the random orientation of the Az in the www.advancedsciencenews.com small 2017, 13, 1701043 Scheme 1. Molecular structure of the ODMS liquid crystals, where n represents the length of the ODMS tail: LC-14Si (n = 5), LC-22Si (n = 9), and LC-30Si (n = 13). plane of the cell. Similar to the behavior in solution, exposure of the cell to unpolarized 365 nm UV light results in a decrease of the π-π* transition absorption peak of the trans isomers at 330 nm, and an increase of the weaker n-π* transition absorption peak of cis isomer at 439 nm ( Figure S4 , Supporting Information). Interestingly, the UV-exposed sample became an optically isotropic liquid, presumably due to a destabilization of the liquid crystal phase by bent-shaped cis isomers. [44, [52] [53] [54] [55] By exposure to 455 nm light or heat, the thermodynamically favored LC phase of the trans Az isomer was restored.
In order to verify if the cylindrical domains could be oriented through photoinduced trans-cis-trans isomerization cycles, the cell containing LC-22Si was subjected to 455 nm (Figure 1b) , while cooling (0.1 °C min −1 ) from the isotropic state to room temperature and then, in a subsequent experiment, to unpolarized 455 nm light (Figure 1c ) under the same thermal cooling conditions. In the case of LPL, the POM texture after irradiation was highly anisotropic, extinguishing light when E was oriented at 0° and 90° relative to crossed polarizers. At 45° to the polarizers, the sample exhibited a bright state, indicative of the preferential orientation of the mesogens in a planar fashion. The corresponding polarized absorption measurements were used to calculate a dichroic ratio (DR) as DR = (A ⊥ − A ∥ )/(A ⊥ + A ∥ ), where A ⊥ and A ∥ represent the absorbance at the peak of the π-π* transition band (330 nm), measured with polarized light perpendicular and parallel to E. For randomly oriented Azs, DR = 0, while for perfectly oriented Azs perpendicular to E, DR = 1. In this case, DR = 0.51, indicating that the Az moieties are on average oriented perpendicular to E, [51] though the moderate value suggests that there is disorder around the preferential orientation direction. However, X-ray diffraction (XRD) experiments ( Figure S5 , Supporting Information) reveal that the Az reorientation results in the alignment of the LC nanocylinders in a planar fashion (a = 4.5 nm) with the cylindrical axis parallel to E. Next, the out-of-plane alignment was investigated ( Figure 1c ) by irradiating with unpolarized 455 nm light. In this case, the POM texture no longer exhibited birefringence (optically isotropic), and no in-plane dichroism was induced (DR = 0). XRD experiments ( Figure S5 , Supporting Information) reveal a hexagonal symmetry in the scattering, originating from the vertical orientation of LC nanocylinders (a = 4.5 nm) in an essentially monodomain fashion. The out-of-plane cylinder orientation is characterized by a small decrease in the π-π* transition absorption peak intensity when compared to the unaligned state and a large increase in absorption when the sample is tilted ( Figure S6 , Supporting Information), which suggest the Azs have partially turned parallel to the propagation direction of light in accordance to literature. [44, 48, 56] However, the significant remaining absorption intensity in the plane suggests that the effective photoinduced alignment of the azobenzene moieties perpendicular to the light polarization is compensated by a tendency of the Azs to align perpendicular to the axis of the cylinder. Interestingly, this suggests that only limited differences in the photoinduced Az orientation are responsible for the highly aligned LC mesophase morphologies in three dimensions, both in-plane (moderate DR) and out-of-plane (limited deviation from horizontal). Overall, these results show that light can be used to align the cylindrical mesophase morphology horizontally and vertically in a cell in a noncontact fashion. Furthermore, the photoinduced orientation, both at the chromophore and morphology levels, is stable at room temperature (RT) and may be erased and reoriented.
For most nanotechnology applications, the LC morphologies must be directed in sub-micrometer thin films. Therefore, LC thin films were prepared by spin-coating dilute solutions of liquid crystals in heptane onto quartz substrates modified with a poly(dimethylsiloxane) (PDMS) brush layer. [49, 57] A 10 mg mL −1 solution of LC-22Si resulted in films of 40 nm thickness, as determined by ellipsometry. The film surface consists of multilayers of nanocylinders with a period of 4.3 nm ( Figure S7 , Supporting Information), corresponding to the room temperature Col Rec phase (Table 1) . Without an external driving force for alignment, the cylinders are planar oriented over arbitrary azimuthal angles in a multidomain fashion. [49] For the thin-film photoalignment experiments, the films were heated up close to the clearing temperature. Figure 2a -d shows 2D grazing-incidence X-ray diffraction (GIXRD) patterns of the LC-22Si thin film at 85 °C (Col Hex phase, Table 1 ), before and after exposure to unpolarized light and LPL of 455 nm (1 h, 0.6 J cm −2 min −1 ). In each case, the broad reflections at 7 nm −1 < q < 14 nm −1 signify that the liquid-like nature of the respective intermolecular interactions (siloxane-siloxane and organic-organic) is maintained. Before photoalignment (Figure 2a) , periodic (q, √3q, 2q) scattering peaks were observed at q = 1.68, 2.90, and 3.36 nm −1 , corresponding to the Col Hex phase (a = 4.5 nm). The primary scattering peaks corresponding to the {1 0} planes were observed at azimuthal angles ϕ ≈ 30°, ϕ ≈ 90°, and ϕ ≈ 150°, confirming that the self-assembly is exclusively in-plane. After exposure to unpolarized light (Figure 2b ), the periodicity remained at 4.5 nm, while the primary scattering peak appeared at azimuthal angles ϕ ≈ 0°, ϕ ≈ 180° and the in-plane scattering greatly diminished. These data suggest that the effect of unpolarized light is the re-orientation from in-plane cylinders to predominantly out-of-plane cylinders. However, it should be noted that the out-of-plane morphology could not be retained in thin films upon cooling to room temperature (vide infra). In contrast, Figure 2c ,d depicts GIXRD measurements recorded parallel (Figure 2c ) and perpendicular (Figure 2d) to the E direction of LPL. Parallel to E, the diffraction pattern exhibits many higher order reflections corresponding to a hexagonal columnar lattice with high positional order. The periodicity remained at 4.5 nm. Perpendicular to E, the diffraction exhibits the total absence of reflections at ϕ ≈ 30° and ϕ ≈ 150°. Scattering intensity is preserved only at the azimuthal angle of ϕ ≈ 90°. Together, this is consistent with the presence of vertically stacked layers of nanocylinders in which the cylinder axes are exclusively parallel to the E. The aligned sample was subsequently cooled to room temperature (Col Rec phase). Polarized UV-vis measurements ( Figure S8 , Supporting Information) confirm that the corresponding alignment of Az moieties is perpendicular to the E direction (DR = 0.71), consistent with the results found in bulk (Figure 1b) . These findings suggest that the Az moieties are, on average, perpendicular to the columnar axis, and the effect of LPL is the net orientation of LC cylinders parallel to E. In order to confirm these findings, highresolution atomic force microscopy (AFM) was performed in tapping mode. Figure 2e shows an AFM phase image, which exhibits a monoaxial array of periodic line structures with a periodicity of 4.3 nm. The LC cylinders are oriented parallel to the E direction, in accordance with the GIXRD data at 85 °C, indicating that the aligned planar morphology can be retained upon cooling to room temperature. Remarkably, there are no observable nonequilibrium defects that are usually found in photoaligned glassy BCP systems, [36, 38, 58] despite the value of DR to achieve this (DR = 0.71) differs from that of a perfectly ordered Az system (DR = 1). [40] Furthermore, optical microscopy ( Figure S9 , Supporting Information) reveals that the photoaligned thin films consist of large anisotropic domains which extend hundreds of micrometers in the direction parallel to E. Together, these results show that the alignment of LC cylinders can be achieved across large areas in sub-5 nm patterned thin films, and their 3D orientation can be controlled. However, in contrast to the behavior in a cell (Figure 1c) , the out-of-plane morphology could not be retained in thin films, indicating the prominence of surface energy contributions to the free energy. [58] In order to gain insight into the 3D photoalignment process, thicker films were prepared (≈150 nm), allowing combined time-resolved polarized UV-vis absorption spectroscopy and GIXRD measurements to correlate the orientation of photoresponsive azobenzene moieties with the alignment of the cylinders in time. First, the in-plane orientation at regular intervals (1 min, 0.6 J cm −2 min −1 ), during an initial alignment (5 min) and a subsequent orthogonal realignment process (10 min) was studied. In each case, the photoalignment was performed at 85 °C. For UV-vis absorption spectroscopy, the samples were quickly cooled to room temperature and at each interval, DR was calculated. In this case, the direction of E in the second exposure was chosen as the reference direction. [38] For randomly oriented Azs, DR = 0, while for perfectly oriented Azs along the first and second alignment directions, DR becomes −1 and +1, respectively. Figure 3 shows the angular dependence of azobenzene absorbance at selected times during the alignment procedure. No optical anisotropy was observed prior to exposure to LPL (Figure 3a , DR = 0). After a 5 min LPL exposure (3.0 J cm −2 ), the azobenzene absorbance became highly anisotropic; with increased absorbance perpendicular to E and decreased absorbance in the parallel direction (Figure 3b , DR = −0.56). The sample was subsequently subjected to a second LPL irradiation in the orthogonal direction. After a 1 min LPL exposure (0.6 J cm −2 ), the polar plot regained its circular shape representing the almost complete loss of optical anisotropy (Figure 3c ) (DR = −0.12). After a 5 min LPL exposure (3.0 J cm −2 ), the optical anisotropy was almost completely regained in the direction orthogonal to the initial direction (Figure 3d , DR = 0.53). The change in sign is representative for the change in orientation of the Az mesogens upon exposure in the orthogonal direction, and demonstrates the feasibility of the alignment process in arbitrary directions. GIXRD was used to examine the time-course evolution of the orientation of LC cylinders during the alignment and the subsequent re-alignment process. Similar to the UV-vis experiments (Figure 3) , the sample was irradiated at 85 °C, and data were collected over 1 min intervals (0.6 J min −1 cm −2 ). The measurements were performed using two orthogonal X-ray incident directions (beam 1, beam 2), which were parallel to the E of the LPL in the first and the second exposure, respectively. ) (c). Before irradiation, the scattering intensity was independent of the incident direction of the X-rays, signifying the initial multidomain state of the film (Figure 4a ). During the course of the first LPL irradiation, beam 1 resulted in increased scattering at azimuthal angle ϕ ≈ 30° and ϕ ≈ 150°, while beam 2 resulted in a fast loss of scattering (Figure 4b ). These features are indicative of the photoinduced monoaxial alignment of hexagonally well-packed LC cylinders parallel to E. Subsequent irradiation in the orthogonal direction resulted in the inverse situation (Figure 4c ). Scattering at azimuthal angle ϕ ≈ 90° is maintained in all cases, consistent with the preservation layers of nanocylinders stacked in the plane.
To further examine the correlation between the polarized UV-vis spectroscopic data related to the azobenzene orientation ( Figure 3 ) and the GIXRD measurements related to the LC nanocylinder orientation (Figure 4) , over the course of the initial alignment (5 min) and subsequent orthogonal realignment (20 min) process, the data are plotted together in Figure 5 . For simplicity we now refer to the second realignment process (beyond the dotted line in Figure 5 ). The DR, shown in Figure 5a , climbs exponentially from a negative to a positive value. The signal is almost saturated after 5 min. No lag period was resolved, indicating that the photo stationary state is reached rapidly under these conditions (455 nm irradiation, 0.6 J min −1 cm −2 ). The photostationary state is also accompanied by a decrease in GIXRD scattering intensity at azimuthal angle ϕ ≈ 90° ( Figure S10 , Supporting Information), signifying a reduction in local LC order due to the ongoing photoisomerization. The average GIXRD scattering intensities at azimuthal angle ϕ ≈ 30° and ϕ ≈ 150°, which were obtained perpendicular (closed circles) (beam 1) and parallel (open circles) (beam 2) to the incidence of the LPL in the second alignment step, are plotted in Figure 5b . In the perpendicular direction (beam 1), the signal decays immediately after irradiation, and is lost rapidly (≈5 min). The loss in scattering intensity rapidly follows the change in DR. In the parallel direction (beam 2), a short lag period is observed, and the signal continues to increase over a longer period (≈20 min). This observation is different from previously reported observations for BCPs, [38] in which the GIXRD intensity rises only after the DR has saturated. This finding suggests that the LCs are mostly re-oriented within the first few minutes (≈5 min), and that the subsequent rise in GIXRD intensity likely corresponds to the fusion of separate re-oriented subdomains to form a monodomain. The faster dynamics in our system may be the result of the high mobility and low viscosity of the low-molecular-weight liquid crystalline phase.
In order to more directly compare DR with the GIXRD intensities, an order parameter of the cylinders was calculated as S = (I 1 − I 2 )/(I 1 + I 2 ), with I 1 and I 2 being the average of the scattering intensities at azimuthal angles ϕ ≈ 30° and ϕ ≈ 150°, recorded with beam 1 and beam 2, respectively. Similar to DR, for randomly aligned cylinders S = 0, while for perfectly aligned cylinders along directions 1 and 2, the order parameter becomes −1 and +1, respectively. Figure 5c shows that the trend of S is closely coupled to that of the DR. Hence, the change in order of the cylinders is coupled to the change in Az orientation. It is indeed expected that the nanocylinder order is more closely linked to the Az order (DR) than in the previously studied BCP system for this purpose, [38] since the Azs are directly contained within the cylinder nanostructures, as opposed to the forming part of the surrounding matrix material. [36] [37] [38] [39] [40] [41] [42] In contrast to the DR, S reaches the theoretical minimum (−1) and maximum (1) values, representative for a perfectly ordered system. In other words, despite the fact that the Az moieties show a local disorder around the preferential orientation direction (moderate DR), the degree of alignment of the self-assembled cylinders is very high (maximum S).
It is expected that the temperature has a significant effect on the self-assembly processes during the photoalignment procedure. In order to further elucidate this, the effects of temperature and the clearing temperature were investigated. . The E and beam directions are indicated by the arrows. www.small-journal.com Figure 6 shows the time evolution of DR for LC-14Si, LC22Si, and LC-30Si, exposed to LPL at 0.6 J cm −2 min −1 , at temperatures between 70 and 95 °C. In order to describe the phenomena and allow comparison of the different experiments and materials, the DR evolution was fitted to a single exponential saturation function DR = DR max (1 − e −t/τ ), in which DR max is the calculated dichroic ratio after infinite exposure, t is the exposure time (min), and τ is the characteristic time to reach saturation (min). In order to more accurately compare the different LCs, the fitted alignment parameters were plotted as a function of the reduced temperature T R = T/T C , with T C being the clearing temperature of the (all trans) liquid crystal ( Figure S11 , Supporting Information).
For LC-14Si, no order is photoinduced for temperatures below 80 °C (DR max = 0). At 85 °C, there is a limited induction of order (= 0.31), and at 90 and 95 °C a high degree of Az order is achieved around the preferential alignment direction (DR max = 0.84). In contrast, LC-30Si reaches saturation DR values, which are not so dependent on temperature, at the whole explored temperature range from 70 °C (DR max = 0.52) to 85 °C (DR max = 0.70). LC-22Si represents the intermediate case. The characteristic times ( Figure S11b , Supporting Information) are also a function of temperature, with very fast alignment just under T C (T R > 0.85), and slower molecular order buildup at lower temperatures. Also in this case, the dependence is less marked in the large ODMS chain material LC-30Si. For each of the LCs, dewetting of the film occurred close to the clearing point (T R > 0.9), which was observed by a decreased overall UV-vis absorbance. Likely, the point of dewetting coincides with the effective clearing temperature under irradiation, which is reduced by the presence of cis isomers in the photostationary state ( Figure S4 , Supporting Information) and concurrent photofluidization by irradiation ( Figure S10 , Supporting Information) to result in a more mobile isotropic phase.
Together, it is observed that the highest degree of order (high DR max ) can be achieved fast (low τ) just below the dewetting conditions ( Figure S11 , Supporting Information), where the system has the highest mobility, which suggests that the dominant energetic barrier in the alignment process is the destabilization of the LC domains. [38, 59] Moreover, the processing window for an optimal alignment is broadened by increased ODMS fractions (LC-14Si < LC-22Si < LC30Si), which is in agreement with the observation that higher ordered phases are more able to resist photoinduced perturbation. [42] Combined with the observations of a lower T C and a lower DR max (at the optimum T conditions, just below the dewetting conditions) for increased ODMS fractions, this suggests that the ODMS lowers the packing ability of Az moieties within each cylinder, and hence, lowers the energetic barrier to domain destabilization required for alignment. Perhaps counterintuitively, this means that the lower order of Az moieties within the cylinders could be beneficial toward achieving a more effective alignment of nanostructures on a larger length scale.
Finally, the out-of-plane alignment process was investigated by GIXRD for a thin film (≈150 nm) of LC-30Si (Figure 7) , which was selected for its comparatively larger processing window ( Figure S11 , Supporting Information). Prior to irradiation and at room temperature, azimuthal integration around the primary reflection (1.45 nm −1 < q < 1.55 nm −1 ) (Figure 7a ) results in a strong signal at ϕ = 30°, stemming from the in-plane oriented LC cylinders. The LC film was subsequently exposed to unpolarized light (455 nm, 0.6 J min −1 cm −2 ) at various temperatures and for extended periods (60 min) to ensure that equilibrium was reached. At 75 °C, the reflections are broadened (Figure 7b) , suggesting that the in-plane domains are perturbed and (1 1), and (0 2) reflections, respectively, indicating unequivocally the presence of out-ofplane orientated LC cylinder domains. [33, 60] These domains are present alongside in-plane oriented domains (Figure 7e ), and hence this state is intermediate. At higher temperatures, the fraction of out-of-plane domains is increased. At 90 °C, the intensity corresponding to the in-plane oriented domains is significantly diminished, indicating that the domains are almost exclusively outof-plane (Figure 7d ). At 95 °C, a drop in scattering intensity from all reflections was observed, likely due to the dewetting of the film (data not shown). Similar to the in-plane alignment, the optimal temperature for out-of-plane photoalignment is just under T C . However, when compared to the in-plane alignment of LC cylinders, it is clear that the processing window for obtaining out-of-plane oriented LC cylinders is much more narrow. Finally, after halting the irradiation and cooling down to room temperature, the out-of-plane alignment returned to an in-plane alignment ( Figure S13 , Supporting Information), an interface effect which has been observed in previous studies. [60, 61] These findings suggest a strong competition between the photoinduced out-of-plane orientation and the thermodynamically stable inplane orientation. It shows that obtaining the out-of-plane orientation of cylinders is challenging due to the intrinsic surface energy mismatch between the mesogenic core and ODMS coils. [49, 62] 
Conclusion
In conclusion, highly ordered sub-5 nm nanocylinder arrays were obtained over large areas by the photoalignment of Azcontaining liquid crystals. By using linearly polarized light, in-plane oriented nanocylinders were obtained in thin films. The in-plane photoalignment was shown to proceed by a mechanism in which the nanocylinders are rapidly oriented, followed by fusion and growth of the reoriented domains into a monodomain. When performed just under the clearing temperature of the LC phase, the photoalignment was demonstrated to proceed most efficiently, reaching completion within minutes. Since the Azs are contained directly in the cylinder nanostructures, the dichroism and nanocylinder order follow the same trend and appear closely linked. However, due to local disorder on the Az length scale, only a moderate dichroism is required to achieve high order on the length scale of the nanostructures. Interestingly, while the local Az order decreases with increasing ODMS content in the LC series, this broadens the temperature processing window with which aligned nanostructures can be achieved. Additionally, the LC nanocylinders could be oriented out-of-plane by exposure to unpolarized light, which is a promising alternative to solvent annealing [63] or surface layers. [64, 65] However, while stable out-of-plane nanostructures were obtained in a cell, the morphology was not retained in thin films. Obtaining stable out-of-plane orientations remains challenging, [66] particularly for high-etch contrast small molecules such as this. Chemical crosslinking [35] or cooling through a glass transition [36] is a possible solution. Overall, our results pave the way for generating defect-free sub-5 nm patterned thin films with 3D orientational control by light. For integrated circuit production, in particular, the LC mobility could be key to achieving both the low defect tolerance [4] and fast alignment for high wafer throughput. [18] Moreover, the planar photoalignment could be extended to the micro-patterning of distinct domain orientations or be applied in combination with other alignment methods to achieve the stringent lithography specifications required at future technology nodes. [67, 68] 
Experimental Section
Materials: The synthesis and characterization of the oligo(dimethylsiloxane) liquid crystals can be found in a previous report.
[ 49] 
Thin-Film
Preparation: A hydroxy-terminated PDMS homopolymer from Polymer Source with molecular weight 5 kg mol −1 was applied onto quartz substrates from a 1-2 wt% solution in heptane, baked at 150 °C for at least 24 h, and rinsed with heptane. The liquid crystals were subsequently spin-coated from 10 or 30 g L −1 solution in heptane (3000 rpm, 45 s), resulting in film thicknesses of ≈40 and 150 nm, as determined by ellipsometry. Photoalignment of LCs: Linearly polarized light was obtained from a 455 nm light-emitting diode (LED) (Thorlabs) equipped with a dichroic polarizing sheet (Polarizer Sheet XP44-Linear Polarizer; ITOS GmbH, Mainz, Germany). The light intensity was 10.0 mW cm −2 . For bulk photoalignment, the samples were heated to the isotropic phase and then slowly cooled (0.1 °C min −1 ) under irradiation. In thin films, the photoalignment was performed below the LC clearing temperature to avoid dewetting. Unless otherwise indicated, the thin-film photoalignment was performed at 85 °C. X-Ray Scattering: X-ray scattering measurements were performed on a Ganesha lab instrument equipped with a GeniX-Cu ultralow divergence source producing X-ray photons with a wavelength of 1.54 Å and a flux of 1 × 10 8 ph s . Scattering patterns were collected using a Pilatus 300 K silicon pixel detector. The beam center and the q range were calibrated using the diffraction peaks of silver behenate. Bulk XRD was performed on samples sealed in a 1 mm glass capillary. GIXRD was performed at the critical angle (≈0.16°). This resulted in shadow peaks at higher q due to reflection + diffraction events just above the critical angle. The sample-to-detector distance was 91 mm for wide-angle measurements and 441 mm for medium-angle measurements. For the experiment using orthogonal beams, the results of two experiments performed under identical photoalignment conditions but at a 90° angle with respect to each other were combined. Timeresolved measurements were the average of 60 s of exposure.
AFM Measurements:
The AFM data were recorded in ambient conditions using a Dimension ICON atomic force microscope (Bruker Nano Inc., Santa Barbara, CA) fitted with an NCHV silicon probe (Bruker, spring constant 42 N m −1 , and a resonance frequency of 320 kHz).
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